Rett syndrome (RTT) is a severe progressive neurological disorder that affects almost exclusively females, with an estimated prevalence of approximately one in 10 000-15 000 female births. Most cases are sporadic, but several reports about familial recurrence support X-linked dominant inheritance with male lethality. The gene responsible for this disorder, MECP2, was recently identified by candidate gene strategy. Mutations were detected in <25% of RTT cases in this first report. To characterize the spectrum of mutations in the MECP2 gene in RTT patients, we selected 46 typical RTT patients and performed mutation screening by denaturing gradient gel electrophoresis combined with direct sequencing. We identified 30 mutations, accounting for 65% of RTT patients. They include 12 novel mutations (11 located in exon 3 and one in exon 2). Mutations, such as R270X and frameshift deletions in a (CCACC) n rich region, have been found with multiple recurrences. Most of the mutations were de novo, except in one family where the non-affected transmitter mother exhibited a bias of X inactivation. Although this study showed that MECP2 mutations account for most cases of typical forms of RTT (65%) and mutations in non-coding regions cannot be excluded for the remaining cases, an alternative hypothesis that takes into account the homogeneous phenotype and exclusive involvement of females, could be the implication in RTT of a putative second X-linked gene.
INTRODUCTION
Rett syndrome (RTT) (MIM 312750) is a progressive encephalopathy which appears to affect females only. It was first described by Rett in 1966 (1, 2) . After normal development up to the age of 7-18 months, developmental stagnation occurred, followed by rapid deterioration of higher brain functions. RTT is characterized by severe mental retardation, autism, gait apraxia, hypotonia, disturbance of sleep and breathing, seizures, stereotypical hand movements and deceleration of head growth. Its prevalence is estimated at 1:10 000-15 000 female births. More than 95% of cases are sporadic, but rare reports of familial recurrence have been made. Previous exclusion mapping studies using the rare RTT families mapped the locus to Xq28 (3). Xq28 is a very gene-rich region and more than one syndrome with mental handicap and neurological signs and symptoms has already been identified within it. However, using a systematic gene screening approach, Zoghbi and colleagues (4) have identified mutations in the gene MECP2 encoding X-linked methyl-CpG-binding protein 2 as the cause of some cases of RTT (5/21 sporadic patients and 1/8 familial patients). More recently, they reported further data showing that MECP2 accounts for 50% of RTT (5) .
MeCP2 is an abundant chromosome-binding protein that selectively binds 5-methylcytosine residues in symmetrically positioned CpG dinucleotides in mammalian genomes (6) . MeCP2 is rich in the basic residues lysine and arginine (22.5%) and in proline (11%) and serine (10.5%). MeCP2 contains two functional domains, an 85 amino acid methylCpG-binding domain (MBD), essential for its binding to 5-methylcytosine, and a 104 amino acid transcriptional repression domain (TRD) which interacts with histone deacetylase and the transcriptional corepressor Sin3A. Interactions between this transcription repressor complex and chromatinbound MeCP2 leads to deacetylation of core histones, which in turn leads to transcriptional repression.
In the present study we have analysed the entire coding sequence of the MECP2 gene in a sample of 46 typical RTT sporadic cases. We have used the denaturing gradient gel electrophoresis (DGGE) assay combined with direct DNA sequencing and characterized 12 novel mutations. The sequence differences that were found clustered in the third + To whom correspondence should be addressed. Tel: +33 1 44 41 24 10; Fax: +33 1 44 41 24 21; Email: chelly@icgm.cochin.inserm.fr exon include recurrent nonsense, frameshift and missense mutations. Although the number of RTT patients investigated is not sufficient for statistical analysis, genotype-phenotype correlations suggest the presence of a different frequency of some relevant symptoms, such as epilepsy, between the group of RTT patients with a mutated allele and the group of RTT patients with no mutation.
RESULTS

RTT patients and mutation screening of the MECP2 gene
In this study we investigated MECP2 gene in 46 patients, exclusively girls, with a uniform and typical RTT according to the international criteria (see Materials and Methods) (1, 7) .
To carry out mutation screening by DGGE, we have designed appropriate primers to analyse the three exons of the MECP2 gene, and for each amplified segment we determined the optimal position of the chemical clamps (8) . The theoretical melting analysis of each fragment was determined by the computer program developed by Lerman and colleagues (9) . Exon 2 was analysed in three PCR fragments named 2.1, 2.2 and 2.3, and exon 3 was analysed in five PCR fragments named 3A, 3B, 3C, 3D and 3E (Table 1) . Amplification by PCR and DGGE analysis followed by direct sequencing of fragments exhibiting abnormal migration profiles were performed in 38 typical sporadic cases of RTT and their parents. In the remaining eight patients, mutation analysis was performed by direct sequencing of PCR products. In total, this investigation of the nine fragments covering the coding part of MECP2 gene identified in 30 unrelated RTT patients the presence of 17 different mutations mainly clustered in exon 3, and some of them appeared with multiple recurrences. Most of these mutations, which account for 65% of typical RTT cases, are novel and only five mutations have been described previously.
Analysis of exon 1 of the MECP2 gene revealed the presence in one RTT sporadic case of an abnormal migration pattern of the PCR fragment corresponding to this exon. The sequence of the PCR product showed a C→T substitution at cDNA position -15 upstream of the AUG initiation codon. This change was also identified in her unaffected mother. This RTT patient also presents a stop mutation in exon 3 of the MECP2 gene, suggesting that this change (C→T at position -15) is a nonpathogenic variant.
Exon 2 revealed the presence in one typical RTT case of an abnormal migration pattern of the PCR fragment 2.2, which covers part of exon 2 (Fig. 1B) . The sequence of the PCR product of exon 2 revealed a C→T substitution at position 317. This mutation, R106Q, is the second missense mutation identified in the first part of the MBD. Another mutation R106W was found previously in the same codon (4) .
In contrast to these rare events occurring in exons 1 and 2, DGGE screening of exon 3 of the MECP2 gene revealed the presence of different abnormal migration patterns of PCR fragments 3A, 3B, 3C
and 3D corresponding to exon 3 (Fig. 1A) . The sequences of the PCR products corresponding to fragments 3A-3D revealed five nonsense mutations [R168X (n = 3), R198X (n = 1), R255X (n = 2), R270X (n = 5) and R294X (n = 3)] (Fig. 1C) , three missense mutations [T158M (n = 3), P302R (n = 1) and R306C (n = 1)] (Fig. 1B) , one insertion [677insA (n = 1)], four deletions [1156del17 (n = 1), 1158del10 (n = 1), 1163del26 (n = 1) and 1164del26+1165A→T (n = 1)] (Fig. 1B and C) and one silent polymorphism (S194S). The nonsense mutations were due most frequently (four out of five cases) to C→T transitions occurring in CpG dinucleotides. All the genomic deletions resulted in a shift of the translation reading frame leading to a premature termination of MeCP2 synthesis. The screening of the PCR fragment 3E revealed the presence of an abnormal migration pattern of exon 3 in only one RTT sporadic case. The sequence revealed an A→C substitution changing the normal TGA stop codon of the MECP2 gene to a TGC cysteine codon (Fig. 1B) . This base-pair substitution was predicted to generate a MeCP2 protein of 513 amino acids, 27 amino acids longer than the normal protein. If the mutation destroys a unique restriction site, this event was used to study the segregation of the base substitution in the family of the patient (Table 2 ). In addition to these mutations revealed by DGGE screening, analysis of the MECP2 gene by direct sequencing in eight patients showed five additional mutations located also in exon 3 (R168X, R255X, R306C, P322A and 1194insT).
We analysed DNA samples from both parents of all individuals with a MECP2 mutation and none of the parents' samples showed any abnormalities by DGGE or restriction analysis, demonstrating that these are de novo mutations, except in one case. In one family with a RTT girl bearing the T158M mutation, we also found the same mutation in the unaffected mother, but not in the normal brother. This mutation has already been described by Amir et al. (4) . This change may disrupt the structure of the MBD, thereby interfering with its function. The crucial role of this domain is suggested by the fact that deletion of residues 157-162 from MeCP2, which corresponds to most of the hairpin loop, resulted in a total loss of methyl-CpG-binding activity (10) . To clarify the discrepancy between the phenotype and the genotype in the mother, we analysed the X-inactivation pattern in this family. We used DNA prepared from peripheral blood leukocytes and assessed the X-chromosome inactivation pattern as described by Allen et al. (11) using PCR analysis of the androgen receptor gene, which contains two methylation-sensitive sites (HpaII and HhaI) flanking a polymorphic trinucleotide repeat in the first exon. Interestingly, we found that the patient's mother presented a totally skewed pattern of X inactivation (data not shown). In the affected girl, the analysis was not conclusive because the trinucleotide repeat marker was not informative. Although these analyses did not allow unambiguous demonstration that this mutation is deleterious and assessment of whether the mutated allele lies on the inactive X chromosome, it is reasonable to propose the skewed pattern of X inactivation as the likely event involved in the rescue of the mother phenotype.
Genotype-phenotype correlations
We first focused on the group of patients with mutations in MECP2 and looked for phenotype-genotype correlation, taking into account for the genotype the type of mutation (missense, nonsense or frameshift) and its position with respect to the functional domains and the 3' end of the open reading frame (ORF). This analysis did not show any significant correlation.
We next compared the 30 patients (mean age ± 1 SD: 14.6 ± 5 years) who had a mutation in the MECP2 gene, with the 16 patients (mean age ± 1 SD: 13.5 ± 5 years; mutated versus nonmutated NS) who had no detected mutation for different clinical items obtained before the onset of the genetic study, as described in Materials and Methods (2,7). The general characteristics of the families were similar in the two groups with a mean of 2.8 (mutated patients) and 2.3 (non-mutated) children per family. The repartition of sex among brothers and sisters was identical in the two groups but the female:male ratio in families with more than one child (including the propositus) was slightly skewed towards girls in both cases (62 versus 76% girls, mutated versus non-mutated). As expected in these patients pre-selected for having a typical case of RTT, the frequency of the most characteristic symptoms of RTT (normal initial development, acquired microcephaly, stereotypic hand movement, phase of social withdrawal, breathing dysfunction) were identical in both groups. Although statistically not significant, it is worth mentioning that the patients with detected mutation lost more frequently acquired purposeful hand skills (71 versus 50%, mutated versus non-mutated; P = 0.15), had more frequent peripheral vasomotor disturbances (77 versus 50%; P = 0.33) and epilepsy (41 versus 23%; P = 0.25) while they were more frequently able to walk (21 versus 55%; P = 0.24).
DISCUSSION
In order to evaluate the prevalence of RTT related to MECP2 mutations, we have carried out a systematic analysis of the MECP2 gene in 46 typical RTT patients and screened by DGGE (n = 38) and by direct sequencing (n = 8) the whole coding sequence of this gene. Upon analysis by DGGE of exon 1 to exon 3, and sequencing of PCR fragments exhibiting abnormal DGGE migration profiles, we have identified 25/38 (66%). Direct sequencing of the whole coding sequence revealed five of eight mutations (62.5%). Altogether, these analyses allowed identification of disease-causing MECP2 mutations in 65% (30/46) of typical RTT patients. Of these mutations, 12 were novel and clustered in the third exon of the MECP2 gene. Though all patients included in this study have homogeneous clinical phenotype and fulfilled the same diagnosis criteria, and the frequency of mutations in this gene is very high, no mutation was identified in 35% of the screened patients. Although investigations reported in this study cannot exclude the presence of mutations that might lie the 3'-UTR, promoter or intronic sequences, an alternative hypothesis, which takes into account the exclusive involvement of females, could be the involvement in RTT of a putative second X-linked gene. MeCP2 acts as a molecular link by binding to 5-methylcytosine with its MBD domain and to the corepressor Sin3A via its TRD, thus recruiting histone deacetylases and other proteins to the silencing complex. Therefore, X-linked genes encoding the different components of the histone deacetylase complex could be considered as reasonable potential candidate genes for RTT. These studies identified in 30/46 unrelated families 17 different mutations with independent de novo recurrences of most of them ( Fig. 2; Table 2 ), five of these different mutations have already been reported by Amir et al. (4) and Wan et al. (5) , and 12 are novel. Although the spectrum of mutations is very heterogeneous, occurrence of mutations mainly in exon 3, and the multiple recurrences of R270X (five times) and R168X (four times), R255X (twice) and R294X (twice), points to true mutational hotspots that could influence molecular diagnosis strategies of RTT. Including the data reported by Amir et al. (4) and Wan et al. (5) , the spectrum of mutations now encompasses eight missense and 15 nonsense or frameshift mutations, including four small deletions, ranging from 10 to 26 bp and localized in the region 1150-1200 of the coding sequence of the cDNA (Fig. 2) . As deletion events in human genes appear to be, at least in part, related to local DNA sequence environment (11), we examined carefully the sequence environment of the short deletions and identified four CCACC direct repeat sequences distributed over the region of interest which is also a very C-rich sequence (Fig. 3) . This observation could be coherent with the previously reported model of slipped mispairing (12) as molecular basis for the occurrence of deletions.
Among the molecular defects reported in this work, 11 are nonsense or frameshift mutations (R168X, R198X, 677insA, R255X, R270X, R294X, 1156del17, 1158del10, 1163del26, 1165del26 and 1194insT) leading to premature polypeptide chain termination. In contrast to conventional wisdom, mRNAs that contain these mutations (also referred to as nonsense mRNAs and chain-termination mutations, respectively) rarely produce truncated proteins. Most nonsense mRNAs are highly unstable because they are degraded by a decay pathway called nonsense-mediated mRNA decay (NMD) (13, 14) . This process, whereby mRNAs are monitored for errors that arise during gene expression, has been found in several species, including human (15, 16) . Typically, chaintermination mutations that reduce mRNA abundance by reducing the half-life of mRNA behave like loss-of-function alleles, except in some cases (i.e. mutations near the 3' end of the ORF), where the RNA surveillance system is bypassed. Although most of the mutations described here are located in the first half of the coding region and should in theory trigger the NMD process, investigation of transcripts and proteins resulting from the diverse panel of mutations is still a relevant issue that might provide additional information about MecP2 functional domains. During this study, we identified three novel mutations causing amino acid substitutions. These three missense mutations, R106Q, P302R and P322A, are drastic amino acid changes at the protein level. Moreover, all these amino acids are conserved in human, mouse and Xenopus laevis (4) . The R106Q mutation is located in the MBD of the protein. A mutation identified previously in this domain is located at the same codon (R106W) (4). These two amino acid substitutions may reduce or abolish methyl-CpG binding. The P322A mutation is located in a conserved C-terminus and the other missense mutation P302R is located at the end of the TRD. Replacement of proline by arginine or alanine may cause abnormal folding of the protein. All these base substitutions were absent in >100 Figure 2 . Distribution of the mutations in the MECP2 gene along the coding sequence. Top, mutations identified in this study. Bottom, mutations described previously (4,11). Novel mutations described in this study are underlined. normal X chromosomes. Altogether, these data suggest that these DNA variants are disease-causing mutations rather than polymorphisms. In addition, we identified an original mutation in the termination codon. The 1461A→C substitution was predicted to generate a MeCP2 protein of 513 amino acids (27 amino acids longer than the normal one). It has been reported previously that the abnormal mRNA translation due to a mutation in the termination codon is associated with decreased mRNA stability such that no mRNA or protein synthesis from the mutant allele can be detected in cells (17) .
Although mutations identified are heterogeneous (17 different mutations in this study), nearly 65% of typical RTT individuals were found to have changes within the coding region of exon 3. In our population, the novel R270X nonsense mutation accounts for 16% of our RTT chromosomes. This finding suggests that initial analysis of this exon would provide the most efficient approach in a mutation detection protocol. Concerning the remaining 35% of typical RTT with no mutation in the coding sequence of the MECP2 gene, our further investigation will focus on the study of the 5'-and 3'-UTR combined with quantitative studies of MECP2 mRNA. In addition, we will search for X-linked candidate genes required for methyl-CpG-binding protein complexes.
MATERIALS AND METHODS
Patients
The 46 sporadic cases of RTT investigated in this study were issued from the French register established in 1993. To validate the diagnosis, we used the international criteria adopted by the Rett Syndrome Diagnostic Criteria Work Group (1,7) . Briefly, for all patients, after normal general and psychomotor development up to the age of 7-18 months, development stagnation occurred, followed by rapid deterioration of higher brain functions. This deterioration led to severe dementia, autism, loss of purposeful use of the hands, jerky truncal ataxia and acquired microcephaly. Additional insidious neurological abnormalities, such as spastic parapareses, vasomotor disturbances of the lower limbs and epilepsy were also observed.
For each case, the clinical status was first reviewed by a skilled and experienced neuropaediatrician and the diagnosis was graded as 'established', 'probable' or 'possible'. Independently, a questionnaire evaluating 50 items, including the necessary, supportive and exclusion criteria of the Rett Syndrome Diagnostic Criteria Work Group was completed by two specially trained investigators. At the same time, a blood sample of the patient and her family was obtained and a lymphoblastoid cell line was established with family consent. For different genetic studies (and well before the initiation of the present study), we selected patients who: (i) had an 'established' clinical diagnosis of RTT; (ii) fulfilled more than seven of the nine necessary criteria in the questionnaire, at least one of the supportive criteria and none of the exclusion criteria; (iii) were >8 years old. These patients were tested in the present study. The χ 2 test was used to analyse the comparative frequency of the most characteristic symptoms of RTT in patients with detected mutation and in patients with no detected mutation.
Mutation analysis
Denaturing gradient gel electrophoresis (DGGE). DNA was extracted from peripheral blood leukocytes or lymphoblastoid cells, and the three exons and the flanking intronic sequences of the MECP2 gene were separately PCR-amplified from genomic DNA using primers listed in Table 1 , with psoralen clamps. DGGE conditions were chosen according to the Meltmap program, kindly provided by L.Lerman and colleagues (9) . The denaturants were 7 M and 40% formamide, and gels were run at 60°C (8, 9) . PCR products were subjected to electrophoresis as described in Table 1 . Formal consents were obtained from the families for mutation screening.
Mutation identification. PCR products showing an abnormal migration pattern on DGGE analysis were sequenced directly on an automated sequencer (ABI 373; Perkin Elmer, Foster City, CA) using the Dye Terminator method. Every sequence variation was checked by restriction analysis of genomic DNA. In eight typical RTT patients, screening of the whole coding sequence of the MECP2 gene has been performed by direct sequencing.
